We present for the first time the production of PEG-PLGA nanoparticles in a ~10 1 gram-scale (g/h) using pressure tolerant 3D parallel microfluidic system, and termed as a 3D flash flow microreactor (3D-FFM) system. The 3D-FFM system enables reproducible synthesis of polymer nanoparticles without aggregation under fast flow rate with higher ratio of polymer precursor to solvent (~0.43), yielding 12.9 g/h production rate of monodisperse PEG-PLGA nanoparticles.
INTRODUCTION
PEG-PLGA (Poly(ethylene glycol)-b-Poly(lactide-co-glycolide)) nanoparticles have received immense attention of researchers for applications like drug delivery. 1 However the procedure for nanoprecipitation always results in poor control over the essential features of nanoparticles such as size and polydispersity (PDI), moreover additional difficulty arises in terms of low reproducibility and productivity. 2 Therefore high-throughput monodisperse nanoparticle synthesis in gram-scale per hour is still a challenging task. 3 Figure 1 : a) Illustration of 3D flash flow microreactor (3D-FFM) system for mass production of PEG-PLGA nanoparticles in a parallel manner. b) Schematic magnified view of direct 3D flow focusing. c) Top-view SEM image of 3D flow focusing unit (unsealed microchannel). Optical images for (d) 3D flow focused stream in a semi-transparent and sealed microchannel and (e) formation of PEG-PLGA nanoparticles at flash flow condition (0.9 x 8 = 7.2 mL/min of polymer solution (F D ), and 2.1 x 8 = 16.8 mL/min of water (F H+V )).
EXPERIMENTAL
The parallel 8 sets of microchannels with 3D flow focusing geometry were designed exactly symmetrical in its structure which ultimately allowed us to attain homogeneous condition at each microchannel for high-throughput production. To fabricate the proposed polyimide (PI) film based 3D flash flow microreactor (3D-FFM) system, we used UV laser ablation technique (355 nm, ESI, USA). All patterned and aligned PI films were placed between flat metal plate, and then finally the PI film based microchannels were sealed by simple one-step bonding of seven layered films that pressing together at 300 °C under a pressure of 10 kPa for at least 2 hr.
For self-assembly of nanoparticles by solvent exchange, PEG-PLGA polymer in acetonitrile (ACN) were infused and focused both vertically and horizontally by four water sheath flows under desired flow rates. Dynamic light scattering (DLS) and transmission electron microscopy (TEM) were employed for characterization of nanoparticles.
RESULTS AND DISCUSSION
In proposed 3D-FFM system, every input flow (F D , F H and F V ) diverged into 8 sets of unit microchannels and subsequently polymer phase was focused into center of unit microchannel by 4 directional sheath flow of water phase, and finally all streams moved out to converge into an outlet. For fabrication of pressure resistant 3D microfluidic device with durable bonding strength, 3 μm thick layer of hydrophobic thermal-adhesive fluoroethylene-propylene (FEP, ND-110, Neoflon, DAIKIN, Japan, 60 % solids fluorothermoplastic aqueous dispersion) with a softening point at 260~280 °C was coated on each PI layer. The nano-powdery FEP layer reached molten state upon annealing at 300 °C and was evenly distributed between the PI films under pressure for bonding and tight sealing of the microchannels with no distortion upon solidification on cooling. Figure 2 shows the size of PEG-PLGA nanoparticles produced from 3D-FFM system at various conditions; two different molecular weight (PEG 5k -PLGA 20k and PEG 5k -PLGA 55k ), and polymer concentrations in ACN (10, 30 and 50 mg/mL) under 0.08 ~ 24 mL/min range of total flow rates, which corresponds to Re 1.33 ~ 400 in a unit microchannel, with different flow ratio (1:9 and 3:7). By simply varying the above parameters, the size of produced nanoparticles can be reproducibly controlled in a range of 50 nm to 150 nm, which could be an ideal range for stable and biologically relevant nanoparticles. Figure 2b shows highly monodisperse size distribution of PEG-PLGA nanoparticles obtained at fastest condition in 24 mL/min of total flow rate (Re = 400) from 30 mg/mL of polymer; and the average fluid velocity and residence time in the flow focusing main unit microchannel for precipitation were approximately 1.33 m/s and 11 ms, respectively. The achievement of 3D flow focusing consistently produced smaller nanoparticles in 50 nm and 85 nm size from PEG 5k -PLGA 20k and PEG 5k -PLGA 55k , respectively (Figure 3e, f) . At this point it can be remarkably stated that 3D-FFM system could produce uniform nanoparticles without channel clogging and aggregation and with 12.9 g/h of production rate at Re = 400 using 30 mg/mL of polymer precursors.
CONCLUSION
In summary, we present pressure tolerant 3D parallel microfluidic system, and termed as a 3D flash flow microreactor (3D-FFM) system, for mass production of monodisperse PEG-PLGA polymeric nanoparticles. The multilayered PI film microreactor fabricated by simple one-step multilayer bonding process consists of not only 8 sets of microchannels that could work under high flow rate (e.g., 30 mL/min) to enhance productivity but also 3D hydrodynamic flow focusing to avoid aggregation in case of long period usage. The 3D-FFM system enables reproducible fabrication of polymer nanoparticles without aggregation under fast flow rate with higher ratio of polymer to solvent (~0.43), yielding 12.9 g/h production rate of monodisperse PEG-PLGA nanoparticles with average diameter of 50 nm and 85 nm, respectively.
